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Introduction
Preponderant clinical and experimental data indicate that cellmediated immunity acts as the primary host defense against infections with the encapsulated fungus Cryptococcus neoformans ( 1, 2) . The association of human cryptococcosis with disorders of lymphocyte function such as AIDS and lymphomas ( 1, 2) suggests that activated lymphocytes are necessary to contain C. neoformans in the host. However, it remains to be defined which population(s) of lymphocytes are critical for host defenses against cryptococcosis and the mechanism(s) by which lymphocytes defend against cryptococcal invasion. Lymphocytes could be active against C. neoformans either directly by functioning as effector cells (i.e., inhibiting or killing the fungus) or indirectly by activating macrophages and other cells (e.g., via the release of lymphokines) for antifungal activity.
In murine models, both CD4+ and CD8+ T lymphocytes are necessary for optimal host defenses against cryptococcosis (3) (4) (5) , although it remains to be determined whether murine T cells have direct effector capacity against C. neoformans. In vitro, murine natural killer (NK)' cells bind to, inhibit, and kill C. neoformans (6, 7) . In vivo, the data are conflicting as to whether NK cells contribute to defenses against murine cryptococcosis. Although depletion of NK cells did not alter overall survival of mice challenged with C. neoformans (8) , adoptive transfer ofNK cells to cyclophosphamide-treated mice resulted in enhanced clearance of cryptococci from tissues (9) . Interferon gamma, a product of activated T and NK cells, activates murine macrophages to inhibit and kill C. neoformans (10) (11) (12) . However, the capacity of human interferon gamma to activate the anticryptococcal armamentarium of human macrophages could not be demonstrated ( 13) .
Populations of human PBL, under defined conditions, have been evaluated for anticryptococcal effector cell function. C. neoformans was killed by PBMC depleted of phagocytes by carbonyl iron treatment or adherence to plastic, but only if anticryptococcal antibody (Ab) was present ( 14) . Ab-dependent antifungal activity was lost if the cells were passed over a nylon wool column ( 15) . Ab-dependent inhibition of C. neoformans was also demonstrated using a population of PBMC enriched for NK cells ( 16) . However, in the absence ofAb, this NK-enriched population was incapable of inhibiting growth of C. neoformans even if the cells were incubated overnight with 50 U/ml of IL-2 and 50 U/ml interferon alpha ( 16) . PBMC, cultured with cryptococcal antigens under conditions where a lymphoproliferative response occurs, can kill C. neoformans even in the absence of specific Ab provided that both adherent and nonadherent cells are present ( 17) . Recently, our laboratory demonstrated that PBMC cultured with IL-2 acquire the ability to profoundly inhibit the growth of a subsequent challenge of C. neoformans ( 18) . Optimal conditions for growth inhibition included a minimum of 5 d of incubation of PBMC with IL-2, a concentration of 2 100 U IL-2/ml, and a high ratio ofeffectors to fungi. Moreover, the antifungal activity was shown to reside in the fraction of PBMC nonadherent to plastic. In the present study, we characterized the IL-2-induced antifungal effector cells. We found that IL-2-activated T and NK cells directly attack and inhibit the growth of C. neoformans.
Methods
Materials. All reagents were obtained from Sigma Chemical Co. (St. Louis, MO), except where otherwise noted. Cell culture medium was RPMI 1640 (Gibco Laboratories, Grand Island, NY) supplemented with L-glutamine, penicillin, streptomycin, and 10% human AB male serum. Flat-bottomed 96-well "half-area" polystyrene tissue culture plates (3696; Costar Corp., Cambridge, MA) were used for assays involving cell wells. Pooled human serum was obtained by combining serum from 2 10 healthy volunteers under conditions preserving complement activity. Recombinant human IL-2 was a gift of Cetus Corp. (Emeryville, CA).
Incubations. Unless noted otherwise, all incubations were performed at 370C in humidified air supplemented with 5% CO2.
C. neoformans. Encapsulated, serotype D strain B350 1 (also known as strain MP4 15) ofC. neoformans was harvested from 4-d-old cultures grown on asparagine minimal agar medium at 30'C, as in previous studies ( 10, 13, (17) (18) (19) . Under these conditions, > 90% of the C. neoformans were present as single cells, clumping of organisms was not observed, viability of fungi averaged > 98%, and the average capsule thickness was 1.5 tiM ( 13, 17) .
Isolation ofPBMC. Human peripheral blood was obtained by venipuncture from normal volunteers. For each set of experiments, the same blood donor was not used more than once. Blood was anticoagulated with heparin and the PBMC were purified by centrifugation on a Ficoll-Hypaque density gradient. PBMC were washed twice in PBS containing 0.1% bovine serum albumin, counted, and suspended in medium at the desired concentration ( 18) .
Nylon wool columns. PBMC were depleted of monocytes and B lymphocytes by adherence to plastic tissue culture petri dishes for 1 h followed by passage ofthe nonadherent cells over a nylon wool column as described (20) .
Sheep erythrocyte (SE) rosettes. PBMC were separated into two populations on the basis of their ability to rosette with SE (Cappel Laboratories, Malvern, PA) (21 ) . SE were treated with 0.1 U/ml neuraminidase type X for 1 h, washed, and the SE were rotated with PBMC in RPMI 1640 containing 2% FCS for 5 min at 370C followed by 40 min at 4VC. Cells were then centrifuged on a Ficoll-Hypaque gradient. The rosetting cells, which formed the pellet, were rid ofSE by lysis with hypotonic sodium chloride. Rosettes were not seen when the interface was examined microscopically. Cells in the pellet (hereafter referred to as the rosette fraction) and interface were then cultured with or without IL-2 as described below.
Panning. Negative selection of cells by panning out mononuclear cell subpopulations on the basis of cell surface markers was done as described (22) , except for the following two modifications: the petri dishes were coated with affinity-purified goat anti-mouse IgG (whole molecule) (Cappel Laboratories) overnight (rather than 40 min) and the petri dishes were centrifuged at 160 g for 2 min at the start of the incubation with the Ab-coated cells. Preliminary studies established that both of these modifications greatly increased the efficiency of the panning. For some of the experiments, the control cells underwent the entire panning procedure except the cells were not incubated with primary Ab. These "sham-panned" cells had similar phenotypic ( For each experiment, two sets ofcell wells were included containing C. neoformans, medium and pooled human serum, but without effector cells. The first set was detergent treated, diluted, and plated immediately. The CFUs counted were used to calculate the inoculum of live organisms added per well. The second set was incubated at 370C for 24 h before being processed and plated. The CFUs counted were used to calculate fungal replication in medium not containing effector cells.
Results are expressed as percent growth according to the formula [(CFU experimental/CFU inoculum) -1] x 100. Thus, a value of zero indicates that the number of CFUs at the start and conclusion of the incubation were the same and complete fungistasis was obtained. Values of 100, 200, and 400% indicate that the fungi underwent an average of one, two, and three replications, respectively ( 13, 17, 18) . Videomicroscopy. Effector cells (5 x 104) and C. neoformans (2 X 104) were allowed to settle to the bottom of eight-chamber Lab-Tek slides (Miles Scientific, Naperville, IL) containing a final volume of 200 ,l medium supplemented with 10% pooled human serum and 10 mM Hepes, pH 7.4. Videomicroscopy was then performed in a 370C humidified chamber using an inverted microscope (model IMT-2; Olympus Corp., Precision Instrument Div., Lake Success, NY) connected to a videocamera (CCTV model WV-1460, Panasonic, Secaucus, NJ) equipped with an ocular zoom objective. Events were videotaped using a professional videocassette recorder (model AG-6010; Panasonic) on time lapse mode as described (24 (Fig. 1 a) . Next, the nonadherent PBMC were characterized as to their cell surface markers and their activity against the tumor cell target K562. Consistent with data from other laboratories (25, 26) , culture with IL-2 resulted in an increase in the percentage of cells expressing CD8 and CD56 (Table I ). In the absence of IL-2, the percentage of cells expressing CD56 declined to undetectable levels. Culture with IL-2 also endowed the nonadherent PBMC with greatly enhanced capacity to lyse the tumor cell target K562 (Fig. 1 b) .
Effect ofnylon wool columns and negative selection bypanning. In the next set of experiments, PBMC were depleted of B cells and monocytes by adherence to plastic followed by passage over a nylon wool column. These procedures resulted in a population ofcells that contained < 1% B cells and monocytes as determined by flow cytometry (data not shown). Cells were (Fig. 3 a) . Panning 7 d. Cells in the plus IL-2 group were then de-CD 16+ and CD56+ cells from the rosette fraction, either at the )opulations by panning, as described in Methstart of the incubation (Fig. 3 a) or immediately before fungal allenged for 24 h with C. neoformans and fungal challenge (data not shown) had no significant effect on antificant fungistasis was achieved only in wells fungal activity but markedly diminished antitumor activity l[s cultured with IL-2. (P < l0-3 comparing NO (Fig. 3 b) . CELLS or NO IL-2 with any other group). Panning CD3+ and CD5+ cells (+IL-2 T PAN), but not CD16+ and CD56+ cells (+ IL-2 NK PAN), CD8+ cells (+IL-2 CD8 PAN), or CD4+ cells (+IL-2 CD4 PAN), resulted in a significant loss of fungistasis (P = 0.008) compared with cells not panned (+IL-2). Data (Table II) . This T cell-depleted population had significantly reduced antifungal activity (Fig. 2 a) but greatly enhanced activity against the tumor target K562 (Fig. 2 b) . In contrast, when the cell population was depleted ofcells expressing CD 16 and CD56 (NK and LAK phenotype), antitumor activity was diminished whereas antifungal activity remained unchanged. Panning cells expressing CD8 (an antigen found Surprisingly, the interface had excellent antifungal activity both in the presence and absence of IL-2 (Fig. 3 a) . Moreover, addition of cells from the unstimulated rosette fraction abrogated the antifungal activity of the unstimulated cells in the interface. Further attempts to define the phenotype ofthe antifungal effector cells in the interface, either by passage over a nylon wool column or panning, were unsuccessful due to the low cell yields obtained at the end of those procedures.
Effect ofpositive selection by panning. Next, nylon woolnonadherent PBMC were positively selected by panning for CD3  93±1  90±1  79±7  68±7  14±8   CD4  78±4  61±4  75±7  3±1  ND  CD8  18±5  27±3  7±2  79±7  ND  CD14  0  0  0  0  0  CD56  1±1  9±3  10±6  25±8  73±7 Nylon wool-nonadherent PBMC were either not panned or panned by positive selection for CD4+, CD8+, or CD16/56+ cells. Cells CD4+, CD8+, or CD 16/56+ cells. Cells were then cultured for 1 wk with IL-2, at which time expression ofcell surface markers (Table IV) and antifungal activity (Fig. 4) were determined. Over 70% of the cells expressed the cell surface antigen(s) that were positively selected for. Significant growth inhibition was seen with all three cell types at both effector/fungus ratios tested. Videomicroscopy. Videomicroscopy of nylon wool-nonadherent PBMC cultured with IL-2 for 7 d and then challenged with C. neoformans demonstrated conjugate formation between effector cells and their fungal targets. Effector cells repeatedly made contact with C. neoformans, often spreading to completely cover the fungal target (Fig. 5) . In eight separate observations, effector-target conjugate formation lasted 1 1.9±3. 
Discussion
The data presented here establish that human lymphocytes, when activated by IL-2, are capable ofattacking and inhibiting the growth of C. neoformans. Two distinct lymphocyte populations, T cells and NK cells, mediated anticryptococcal activity.
Highly purified populations of IL-2-activated T cells obtained by three different techniques effected nearly complete fungistasis. Fungistasis was partially abrogated by depletion of T cells from nylon wool-nonadherent PBMC. Highly purified IL-2-activated T lymphocytes made contact with and spread over C. neoformans, as demonstrated by videomicroscopy. Finally, the majority ofnylon wool-nonadherent PBMC forming conjugates with C. neoformans were T cells as determined by immunoperoxidase staining. Both CD4+ and CD8+ T cells had activity.
In general, T cells are thought to mediate antimicrobial activity either by releasing lymphokines that activate other cell types (e.g., macrophages) or by MHC-restricted lysis of infected cells. The data presented herein strongly suggest that IL-2-activated T cells are capable of attacking C. neoformans and directly mediating anticryptococcal activity without MHC restriction. Other investigators have demonstrated that splenic CD8+ T cells, obtained from mice immunized with Pseudomonas aeruginosa polysaccharide antigen, secrete a bactericidal lymphokine (27) (28) (29) . The bactericidal effect occurred in the absence of Ab or complement and did not require phagocytic cells. Moreover, antigen-specific murine splenic CD8+ T cells were directly parasiticidal to extracellular Toxoplasma gondii (30) , and MHC-unrestricted "promiscuous" killing of tumor targets by CD4-CD8-T cells has been demonstrated (31 ) .
In addition to T cells, a second population of IL-2-treated lymphocytes was active against C. neoformans. Interestingly, the cells that did not rosette with SEs were fungistatic even if cultured without IL-2. Moreover, in the absence of IL-2, rosetting cells inhibited the antifungal activity of nonrosetting cells. Since the rosetting cells are mostly T cells, one hypothesis to explain these data is that T cells bind C. neoformans but are only fungistatic when activated. In contrast, nonrosetting cells are constitutively fungistatic but, in the presence of rosetting cells, do not effectively bind their targets because of physical interference from the rosetting cells. Alternatively, the unactivated rosetting cells may be directly suppressive.
Future experiments will be needed to establish the mechanisms whereby activated lymphocytes mediate their antifungal effects and the lymphocytic receptors and fungal ligands responsible for the interaction. Complement receptors and Fc receptors do not appear critical, since specific Ab was not added and inhibition was seen even if the serum was heated to destroy complement activity. Moreover, T cells do not generally express Fc receptors, although a subpopulation may express complement receptors (36). The recent finding that CD3+ cells from patients receiving IL-2 immunotherapy may express receptors for C-reactive protein raises the possibility that receptors not present on resting T cells may be induced on activated T cells (36).
The videomicroscopy and immunoperoxidase results are consistent with those of other investigators who have demonstrated that LAK cells are highly motile and capable offorming protopods or pseudopods (34, 37) . However, this is the first demonstration to our knowledge of the ability of human lymphokine-activated lymphocytes to migrate to and directly attack a fungal target. By immunoperoxidase staining, cells expressing T cell (CD5) and NK (CD56) markers both partially surrounded C. neoformans.
The in vivo significance ofour findings remains to be determined. C. neoformans is not an obligate intracellular parasite, and extracellular organisms in areas oflymphocytic infiltration are common microscopic features oflesions from patients with cryptococcosis who are able to mount an immune response (38) . However, the infiltrating lymphocytes have not been characterized. The high effector/fungus ratio required for fungistasis in our experiments does not negate the potential relevance of our findings, since recruited lymphocytes functioning in a physiological environment in vivo may have considerably more antifungal activity than lymphocytes studied in vitro. Finally, although our experiments examined growth inhibition, lymphocytes directly attacking C. neoformans may also participate in host defenses by releasing lymphokines that recruit and activate other cell types (e.g., macrophages) capable of anticryptococcal activity.
